Free-Air CO, Enrichment of Sorghum: Soil Carbon and Nitrogen Dynamics
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The positive impact of eleated atmospheric CQ concentration
on crop biomass pr oduction suggests mor e carbon inputs to
soil. Further study on the effect of elevated CO, on soil carbon

and nitrogen dynamics is key to understanding the potential for

long-term carbon storage in soil. S oil samples (0- to 5-, 5- to
10-, and 10- to 20-cm depths) were collected after 2 yr of grain
sorghum [Sorghum bicolor (L.) Moench.] production under two
atmospheric CO, levels: (370 [ambient] and 550 pL L' [free-
air CO, enrichment; FACE]) and two water treatments (ample
water and limited water) on aTrix clay loam (fine, loamy mixed
[calcareous], hyperthermic Typic Torrifluvents) at M aricopa,
AZ. In addition to assessing treatment effects on soil organic C
and total N, potential C and N mineralization and C turnover
were determined in a 60-d laboratory incubation study. After 2
yr of FACE, soil C and N were significantly increased at all soil
depths. Water regime had no effect on these measues. Increased
total N in the soil was associated with educed N mineralization
under FACE. Results indicated that potential C turno ver was
reduced under water deficit conditions at the top soil depth.
Carbon turno ver was not affected under F - ACE, implying
that the observed increase in soil C with elevated CO, may be
stable relative to ambient CO, conditions. Results suggest that,
over the shor t-term, a small incr ease in soil C storage could
occur under elevated atmospheric CO, conditions in sorghum
production systems with differing water regimes.
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’:["he historic rise in atmospheric carbon dio xide (CO,)
concentration has been caused primarily by fossil fuel burning
and land use change associated with industrial and/or population
expansion over the last century (Houghton et al., 1990; Keeling and
Whorf, 1994). This steady rise is significant because CO, is the major
mobile form of carbon (C) in the atmosphere, which can influence
the biosphere, geosphere, and hydrosphere. Of special note is the
continuing debate about potential changes to the global climate being
induced by increased atmospheric CO,. Furthermore, because CO, is
a primary input for crop growth, questions concerning the potential
of highly managed agricultural soils to store surplus atmospheric C as
an amelioration measure have arisen. The dynamics of C in terrestrial
ecosystems has become an important topic because the global C
budget is not in balance (Schlesinger, 1991).

Over the last few decades, numerous studies have shown that
elevated atmospheric CO, often enhances aboveground crop bio-
mass production (Kimball, 1983; Strain and Cure, 1985; Amthor,
1995). However, future economic and environmental concerns dic-
tate a further understanding of how varying cropping systems will
be altered by a future CO,—enriched world. The amount of crop
biomass produced in the field may depend on the differences in
CO, effects on the crop species used in agroecosystems. Ultimately,
production levels will affect future food security issues, residue
management, and belowground processes inclusive of soil C storage
potential. Increased C uptake and assimilation generally results in
increased crop growth under CO —enriched conditions. It is known
that C; and C, photosynthetic types respond differently to elevated
CO, with regard to carbon metabolism and water use (Rogers et
al., 1983; Amthor, 1995). Crops with a C, photosynthetic pathway
often exhibit greater growth response compared with crops with a
C, pathway (Amthor, 1995; Amthor and Loomis, 1996; Rogers
etal., 1997). Tle CO,—concentrating mechanism used by C, spe-
cies limits the response to CO, enrichment (Amthor and Loomis,
1996). However, like C, species, plants with the C, pathway can
exhibit growth stimulation due to lowered stomatal conductance
and increased water use efliciency (Rogers et al., 1983).

In addition to assessment of aboveground biomass, more recent
efforts have concentrated on the potential effects of CO, on be-
lowground responses. Reviews by Rogers et al. (1994; 1996) indi-
cate that a significant proportion of the increase in biomass found
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under CO —enriched conditions is allocated belowground.
Positive shifts in residue inputs, above- and belowground, to
the soil system are important because they may influence soil C
accumulation. However, in addition to the quantity of inputs
affected by the rise in CO,, factors such as residue composition
and exogenous nutrient supplies will also affect the rate and
extent of organic C turnover, thereby controlling soil C storage
patterns. Elevated atmospheric CO, has been shown to alter the
chemical composition of plant tissue. Reviews of the literature
suggest that tissue nutrient concentration is often reduced for
COz—enriched plants (Conroy, 1992; Rogers et al., 1999).

Reduction in tissue N concentration is of particular interest
because this often results in an increased residue C/N ratio, which
may influence rates of residue decomposition, soil C dynamics,
and plant N availability in agroecosystems. Studies on decomposi-
tion of cotton [Gossypium hirsutum (L.)] residue produced under
free-air CO, enrichment (FACE) showed litde difference in C
mineralization, but N mineralization was decreased for FACE resi-
due (Torbert et al., 1995). Evaluation of soybean [Glycine max (L.)
Merr.] and grain sorghum [Sorghum bicolor (L.) Moench.] residues
from an open-top chamber study indicated that N mineralization
was reduced by high CO,; however, differences in quantity and
quality of residue affected C mineralization (Torbert et al., 1998).
Initially, C mineralization was only reduced with high CO, in
sorghum, but in the long term, a reduction in CO,C mineral-
ized per gram of residue added was observed for both crops due
to elevated CO,. These findings were complemented by open top
chamber field results. Measurement of soil solution below the root-
ing zone indicated more nitrate leaching under ambient CO,, sug-
gesting a slower release of N from decomposing residue under ele-
vated CO, (Torbert et al., 1996). The cumulative effect of elevated
CO, treatment (5 yr) indicated that soil C storage was greater
in the soybean system (Prior et al., 2003). This was attributed to
differences in soil C storage mechanisms between the two crops
based on 8"*C results reported by Torbert et al. (1997). In FACE
experiments conducted with irrigated cotton (3 yr) and wheat (2
y1), FACE resulted in soil C accumulation in both cases (Wood
etal., 1994; Prior et al., 1997). For cotton, available N limited C
cycling early on, but over the long term, FACE soil had greater C
mineralization in both water regimes. Carbon turnover increased
in the water stress treatment and decreased under non-water stress
conditions. A differential effect of CO, and irrigation treatment
on residue structure and/or composition may have altered soil C
cycling, suggesting that increased soil C storage is more likely when
soil water is not limiting in a high CO, environment. For FACE
wheat, potential N mineralization was unaffected by CO,, indicat-
ing that factors other than N may have limited C mineralization
and turnover. Overall, these findings suggested that more soil C
storage occurs in CO —enriched wheat systems regardless of water
treatment. The diverse findings from previous work highlight the
importance of assessing management systems that are reflective of
various crop, soil, and environmental conditions to better predict
the impact of increasing atmospheric CO, on terrestrial soil C stor-
age patterns.

More field work investigating elevated CO, and its interac-
tion with other environmental factors is needed to determine how
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different cropping systems will influence soil C storage patterns.
Evaluating the effects of changing CO, level on a C, grain sor-
ghum crop is important because sorghum represents one of the five
major cereal crops (Doggett, 1988; Bennett et al., 1990). Major
sorghum production regions are located in the USA, Mexico,

Asia (e.g., China and India), and throughout Africa (FAO, 1996).
Because sorghum is a major food staple for many developing coun-
tries (FAQ, 1996), especially in semiarid regions (Doggett, 1988;
Bennett et al., 1990), it is essential to evaluate how changes in the
global environment may affect sustainability of these systems. Our
objective was to investigate the cumulative effect of 2 yr of FACE
and soil water stress in a grain sorghum production system on soil
N and C mineralization and C turnover.

Materials and Methods

A FACE application system (Hendrey et al., 1993) was used
to achieve CO, enrichment (200 uL L™ above ambient) in the
field under two soil water regimes (ample or limited water) for two
growing seasons (1998 and 1999). Control plots were maintained
under ambient CO, conditions (370 WL L™). A large-diameter (22
m) PVC torus, fitted with a uniformly spaced series of 32 individu-
ally valved vertical vent pipes (2 m height), was used for controlled
release of CO,. Exposure within these circular arrays was regulated
by a computer program based on an algorithm keyed to wind
velocity, wind direction, and CO, concentration. Carbon dioxide
was added upwind from open sectors of vent pipes in amounts
equivalent to wind speed such that the circular plot within the
array was uniformly fumigated. Carbon dioxide exposure com-
menced after planting each year and was terminated at harvest.
Dummy arrays encompassed sorghum grown under ambient CO,.
Four FACE and four ambient plots were established.

The soil series at the study site located at the Maricopa Agri-
culture Center for Resources and Extension of the University of
Arizona at Maricopa, AZ (33°10°N, 112°0°W) is a Trix clay loam
(fine, loamy, mixed [calcareous], hyperthermic Typic Torrifluvents).
Grain sorghum [Sorghum bicolor (L.) Moench. cv. Dekalb DK54]
was grown; details of cultural practices used have been reported by
Ottman et al. (2001). Sowing occurred on 15 and 16 July 1998
and on 14 and 15 June 1999 on a 0.76-m row spacing. Each of
the main circular FACE and control plots was split into semicir-
cular halves, with each half receiving an ample (Wet) or limited
(Dry) water irrigation regime. The water was applied using flood
irrigation. Only two irrigations were applied to the Dry treatment
each season, compared with seven (1998) or six (1999) to the Wet
treatments. Wet plots were irrigated when 30% of the available
water in the rooting zone was depleted. The plots were then ir-
rigated with an amount calculated to replace 100% of the potential
evapotranspiration since the last irrigation adjusted for rainfall (Fox
etal.,, 1992). Amounts were further adjusted to meet the 100-mm
minimum irrigation amount. The Dry plots were planned to re-
ceive one third the number of irrigations and irrigation amounts as
the wet plots; this was achieved by applying water only twice, once
at the start and again at midseason. The total amounts of irrigation
plus rain during 1998 were 1218 and 474 mm to the Wet and Dry
plots, respectively. In 1999 they were 1047 and 491 mm, respec-
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tively. Fertilizer was applied at 279 kg N ha™' and 41 kg P ha™' in
1998 and 265 kg N ha™ and 41 kg P ha™ in 1999.

Soil samples were taken to investigate the cumulative effect of 2
yr of FACE and water treatments on soil microbial activity. Com-
posite soil samples were collected (25 random cores per plot) on 15
Nov. 1999, before harvest, at 0- to 5-, 5- to 10-, and 10- to 20-cm
depth increments, stored at 5°C, transported by plane to Auburn,
AL, and processed for the incubation study within 2 d. Methods
used by Torbert et al. (1998) were used for determination of po-
tential C and N mineralization. Pre-incubation soil samples were
dried (60°C), ground to pass a 0.15-mm sieve, and analyzed for
total N (Fison NA1500 CN Analyzer; Fison Instruments Incorp.,
Beverly, MA). Soil organic C was determined with a LECO CR12
Carbon Determinator (LECO Corp., Augusta, GA) (Chichester
and Chaison, 1992). Soil inorganic N (NO,-N + NO,-N and
NH,-N) was extracted with 2 mol L' KCl and measured before
and after incubation by standard colorimetric procedures using a
Technicon Autoanalyzer (Technicon Industrial Systems, 1973a,
1973b). Sieved soil samples (2-mm sieve) were weighed (25 g dry
weight basis) and placed in plastic containers. Deionized water was
added to adjust soil water content to —20 kPa at a bulk density of
1.3 Mg m™. Containers were placed in sealed glass jars with 10 mL
of water (humidity control) and a 10-mL vial of 1 mol L™* NaOH
(CO, trap). Jars were incubated in the dark at 25°C and removed
after 30 and 60 d. Carbon dioxide in NaOH traps was determined
by titrating excess base with 0.25 mol L™ HCl in the presence
of BaCl,. Potential C mineralization was the difference between
blanks and CO,~C captured in sample traps. Potential N miner-
alization was the difference between final and initial inorganic N
contents for the incubation. Potential C mineralization divided by
total organic C was used to calculate C turnover.

The experimental design was a split-plot with a randomized
complete block arrangement of the main-plot factor (two CO,
levels: ambient and FACE) for which there were four blocks.
The second factor (water regime: wet and dry) was assigned to
subplots (each half of the study plot within main plots). Statisti-
cal analysis of data was performed using the Mixed procedure
of the Statistical Analysis System (Littell et al., 1996). A signifi-
cance level of P < 0.05 was established a priori.

Results
Soil Characteristics

The impacts of 2 yr of atmospheric CO, and water regime
treatments on soil C, N, and C/N ratio for this sorghum cropping
system are shown in Table 1. No significant treatment interactions
were noted for these soil variables at the depth intervals evaluated.
For soil C, the main effect of CO, was significant at all depth incre-
ments; soil C was higher under FACE. The main effect of water
regime was significant for soil C only at the bottom depth incre-
ment (10-20 cm), with this value being higher under the dry water
regime. Water regime had no impact on soil N, but, similar to soil
C, the significant main effects of CO, indicated that N was in-
creased by FACE. For soil, the C/N ratio at the 0- to 5-cm and 10-
to 20-cm depths, the main effect of CO, was significant, but water
regime was not; the ratio was lower under FACE at these depths.
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Table 1. Soil C, N, and C/N ratio as affected by 2 yr of exposure to
atmospheric CO2 level and water treatment; these were the soil
conditions existing at the start of the incubation study.

Ambient CO, FACEt Pr>F+
Depth Dry  Wet Dry Wet O, H,O CO,xH,0
g kg™
Soil C
0-5 cm 831§ 8.56 940 9.17 0.041 0.961 0.152
5-10 cm 840 858 939 9.28 0.029 0.813  0.300
10-20 cm 864 832 962 898 0.035 0.022 0.343
Soil N
0-5 cm 0.64 0.66 0.81 0.81 0.001 0.649 0.546
5-10 cm 0.64 0.65 0.81 0.82 <0.001 0.567 1.000
10-20 cm 0.66 0.64 0.78 0.79 0.010 0.825 0.392
gg”
Soil C/N ratio
0-5 cm 13.05 13.08 11.60 1136 <0.001 0.352 0.234
5-10 cm 13.10 13.21 11.63 11.38 0.002 0.383 0.035
10-20 cm 13.10 13.10 12.54 11.37 0.036 0.241 0.236

t Free-air CO, enrichment.

¥ Probability of a greater F by chance between the CO, or water
treatments and for the CO, x H20 interaction.

§ Values represent means of four replications.

Assignificant CO, X H O regime interaction at the 5- to 10-cm
depth indicated that the soil C/N ratio for both water regimes un-
der ambient CO, was higher than FACE and that the FACE-dry

treatment was slightly higher than its wet counterpart.

Soil Nitrogen Mineralization

In general, net N immobilization occurred during the 0- to
30-d incubation period of the incubation study, suggesting that
initially large proportions of available C relative to N led to net
N immobilization (Table 2). Significant interactive effects of
CO, with water treatment were observed at the top two depth
increments (0-5 and 5-10 cm). At the 0- to 5-cm depth, N
was less limiting under the ambient CO —wet regime because
values were less negative compared with the other treatments,
which were similar to each other. At the 5- to 10-cm depth, the
wet regimes under both CO, treatments showed more miner-
alization relative to their dry counterparts. However, under dry
conditions, ambient CO, exhibited more N immobilization
compared with FACE. At the 10- to 20-cm depth, the signifi-
cant main effect of water regime suggested that N was less lim-
iting under wet conditions regardless of CO, level.

Patterns of N immobilization were still noticeable at the 30- to
60-d incubation period, especially under FACE. During this incu-
bation period, there were no significant treatment interactions or
main effects of water treatment at the various depth intervals; how-
ever, significant main effects of CO, were noted at all soil depths.
Ambient CO, soil exhibited more N mineralization than FACE
soils, suggesting that N content had become less of a limiting factor
in residue decomposition under ambient CO, conditions.

For the total incubation period (0-60 d), patterns of N immo-
bilization at the top depth (0—5 cm) were similar to those observed
at the 0- to 30-d incubation period. At the next two depths (5-10
and 10-20 cm), main effects of CO, and water treatment were
significant. Free-air CO, enrichment resulted in more N immobi-
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Table 2. Soil N mineralization as affected by atmospheric CO, level and

(0-60 d), results were somewhat similar to those observed at
the 0- to 30-d incubation period. A significant CO, x H,O
interaction for this period was noted at the 0- to 5-cm depth

increment; as seen at 0 to 30 d, the ambient-dry treatment

water treatment.
Ambient CO, FACEt Pr>F#
Depth Dry Wet Dry Wet CO, H,O CO,xH.0
mg kg™

0-30d

0-5 cm —48.20§8 -15.35 —49.63 -4855 0.002 0.003 0.004
5-10 cm -32.74 -3.02 -21.68 -7.45 0.200 <0.001 0.010
10-20 cm -31.76 -8.22 -31.81 -2047 0.145 0.001 0.148
30-60d

0-5 cm 493 -0.39 -536 554 0.056 0467 049
5-10 cm 10.66 7.04 -3.79 -344 0.010 0.580 0.505
10-20 cm 8.36 9.77 -863 -6.51 0.001 0.638 0.925
0-60d

0-5 cm -4326 -15.74 -55.00 -54.08 0.024 0.035 0.044
5-10 cm -22.07 4.01 -2547 -10.89 0.032 <0.001 0.145
10-20 cm -23.41 1.55 -40.44 -26.98 0.002 0.001 0.124

exhibited lower C mineralization vs. other treatment combina-
tions. No significant treatment effects were noted at the 5- to
10-cm or 10- to 20-cm depths for the total incubation period.

Soil Carbon Turnover

At the 0- to 30-d incubation period, a significant CO, X
H,O interaction was seen at the 0- to 5-cm depth increment
(Table 4). In this case, the ambient-dry treatment exhibited
the lowest soil C turnover relative to the other treatment
combinations. At the 5- to 10-cm depth increment, the
main effect of water regime was significant, with soil C turn-

t Free-air CO, enrichment.

¥ Probability of a greater F by chance between the CO, or water treatments

and for the CO, x H,0 interaction.
§ Values represent means of four replications.

lization at these soil depths. Furthermore, the dry regime exhibited
more N immobilization compared with wet conditions.

Soil Carbon Mineralization

For the 0- to 30-d period, the main effects of CO, and water
regime and their interaction were significant at the 0- to 5-cm
depth increment (Table 3). The noted interaction indicated that
the ambient-dry treatment exhibited lower C mineralization vs.
other treatment combinations, which were similar to each other.
At the 5- to 10-cm depth, the main effect of water regime was
significan; soil respiration was lower under Dry compared with
Wet conditions. A trend (p = 0.07) for a main effect of CO, was
noted at the last depth increment, with C mineralization being
lower under the ambient CO, treatment. At the 30- to 60-d
incubation period, no significant treatment effects were noted at
any of the soil depths evaluated. For the total incubation period

Table 3. Soil C mineralization as affected by atmospheric CO, level and

over being lower under dry conditions. Experimental treat-
ments had no impact on soil C turnover at the last depth
increment for the 0- to 30-d incubation period. This was also
true for all depth increments at the 30- to 60-d incubation
period. For the total incubation period (0-60 d), the main
effect of water regime was the only significant treatment ef-
fect observed. This was true for the 0- to 5-cm depth where soil
C turnover was lowest under dry conditions.

Discussion

Soil C is an indicator of overall soil health and influences ter-
restrial ecosystem sustainability. To understand global C cycling,
it is essential to evaluate the potential impacts of the rising level
of atmospheric CO, on soil C dynamics in agroecosytems. In the
current study, soil C, along with soil N, was found to increase at
all evaluated soil depth increments (i.e., between 0 and 20 cm)
following two growing seasons under FACE (Table 1). Previ-
ous reports from this study indicated that FACE increased total
biomass production (Ottman et al., 2001). Findings included an
increased stover production, which represented greater residue in-
puts to the soil; this helps explain the increase in soil C observed

in our study. Likewise, stover production was increased by
the wet moisture regime, but this was not reflected in the soil
C (or N) levels. Others have reported that elevated CO, can

cause significant increases in sorghum root production (Prior

water treatment.
Ambient CO, FACET Pr>F#
Depth Dry Wet Dry Wet CO, H,0 CO,xH0
mg kg™

0-30d

0-5 cm 99.58§ 171.69 16832 17434 0.092 0.009 0.019
5-10 cm 79.60 123,52 105.13 11341 0.520 0.045 0.152
10-20 cm 7146 75.77 99.60 91.51 0.073 0.865 0.580
30-60d

0-5 cm 12230 103.89 103.01 10866 0574 0.572  0.302
5-10 cm 9486 8820 9551 11151 0331 0.581 0.206
10-20 cm 10479 87.28 9229 79.74 0.275 0.115 0.781
0-60d

0-5 cm 221.88 27557 27132 28299 0.094 0.004 0.025
5-10 cm 17447 21172 200.64 22492 0290 0.113  0.720
10-20 cm 176.25 163.05 19190 171.25 0.244 0.108 0.709

et al., 2003), which, in conjunction with aboveground stover
production, constitutes the total input to the soil system. It is
possible that increased rooting might explain the CO, x H,O
interaction noted for soil C/N ratio at the 5- to 10-cm depth.
However, the impact of FACE on sorghum roots for this study
has not been reported, so this contention cannot be supported
at this point. Although the impact of moisture regime was re-
flected in soil C and N, differences were observed in the poten-
tial C and N mineralization assessment (Tables 2 and 3).
Evaluation of potential N mineralization of soil collected

after two growing seasons indicated that N was highly immo-
bilized (Table 2). Ths finding is consistent with inputs of sor-

T Free-air CO, enrichment.

¥ Probability of a greater F by chance between the CO, or water treatments
and for the CO, x H,0 interaction.

§ Values represent means of four replications.
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ghum residue having a high C/N ratio. We observed that there
was more N immobilization under FACE conditions. Ths is
likely due to a higher C/N ratio for plant material produced
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under high CO, conditions as reported by Torbert et al. (2000).
This increased N immobilization under FACE also resulted in
the soil C/N ratio being lower under these conditions because
more N remained in the decomposing sorghum residue. Tle
increase in soil N under FACE vs. the ambient CO, treatment
was relatively larger than the increase observed for soil C (Table
1). Ths finding was not only observed in the surface layer but
was also noted at the lower depth increments where root residue
inputs most likely had a more dominant effect.

The impact of the wet regime resulted in reduced N im-
mobilization at all depths (Table 2). This was likely due to
the increased inputs of residue (and therefore N) under these
conditions. Over the long term, the N mineralized from wet
conditions would have been more vulnerable to losses. Tler e-
fore, increased N mineralization under wet conditions may
have contributed to the lack of differences observed for total
N between the moisture regimes after two growing seasons.

Treatment effects had a significant effect on C mineralization
at the top soil depth (Table 3) that was directly proportional to
the treatment effects for stover production (Ottman et al., 2001).
The increased biomass with the moisture regime resulted in an
increase in C mineralization at the top depth. Likewise, the low-
est stover inputs occurred under ambient-dry conditions. Ths
resulted in the lowest C mineralization compared with the other
treatment combinations. No other significant treatment effects
were observed at the other depth increments.

With soil C turnover, the wet regime resulted in signifi-
cantly higher turnover compared with the dry regime, but no
significant CO, effect or interaction was observed (Table 4).
This indicates that factors other than higher residue inputs
found under FACE limited soil C turnover compared with
ambient conditions. A possible explanation may be related to
a differential effect of CO, and irrigation treatment on residue
structure/composition, thereby altering decomposition pat-
terns. This is consistent with the fact that we found more soil
C under FACE, with no impact of moisture regime (Table 1).

These results are somewhat consistent with previous el-
evated CO, studies with other cropping systems (Wood et
al., 1994; Prior et al., 1997). In a 3-yr FACE cotton study, it
was suggested that soil C storage is more likely under non-
limiting soil water conditions when CO, concentration is
raised (Wood et al., 1994); results indicated that factors other
than total biomass input may affect soil C cycling. In another
FACE study, an evaluation of soils after 2 yr of wheat resi-
due inputs indicated that more C storage may occur under
elevated CO, for irrigated and non-irrigated systems (Prior et
al., 1997). Soil C and N were increased after 2 yr of FACE.
However, water regime had no effect on these measures.

Results from this study indicate that changes over the short
term will occur with C and N. The increased CO, resulted in
reduced N mineralization, resulting in increased total N in
the soil. The changes in C mineralization and C turnover sug-
gest that a small increase in soil C storage could occur under
elevated atmospheric CO, conditions in sorghum production
systems regardless of the moisture regime.

Prior et al.: CO,-Enriched Sorghum Crop: Soil C & N Dynamics

Table 4. Soil C turnover as affected by atmospheric CO, level and

water treatment.
Ambient CO, FACEt Pr>F#
Depth Dry Wet Dry Wet CO, HO CO,xH,0
mg kg™’
0-30d
0-5 cm 12.05§ 20.02 17.82 19.00 0.239 0.003 0.012

5-10 cm 948 1452 11.12 1220 0801 0.037 0.154

10-20 cm 822 9.00 1038 10.15 0.176 0.812  0.666
30-60d

0-5 cm 1470 1220 11.02 11.88 0.332 0571  0.269
5-10 cm 1132 1035 1020 1202 0866 0.659 0.177

10-20 cm 1215 1062 955 888 0.146 0326  0.694
0-60d

0-5 cm 26.75 3222 2885 30.88 0.692 0.003  0.093
5-10 cm 20.80 24.88 2132 2422 0980 0.130 0.777

10-20 cm 2038 19.62 19.92 19.02 0.570 0377  0.935
t Free-air CO, enrichment.

¥ Probability of a greater F by chance between the CO, or water
treatments and for the CO, by H,0 interaction.

§ Values represent means of four replications.

Acknowledgments

'The authors thank Barry G. Dorman, Tammy K. Dorman, and
Robert E Chaison for technical assistance. This work is supported
by Interagency Agreement No. DE-AI05-95ER62088 from the
Environmental Sciences Div. of the U.S. Dep. of Energy.

References

Amthor, J.S. 1995. Terrestrial higher-plant response to increasing
atmospheric [CO ] in relation to the global carbon cycle. Glob. Change
Biol. 1:243-274.

Amthor, J.S., and R.S. Loomis. 1996. Integrating knowledge of crop
responses to elevated CO, and temperature with mechanistic simulation
models: Model components and research needs. p. 317-346. In
G.W. Koch and H.A. Mooney (ed.) Carbon dioxide and terrestrial
ecosystems. Academic Press, San Diego, CA.

Bennett, W.E, B.B. Tucker, and A.B. Maunder. 1990. Modern grain sorghum
production. Iowa State Univ. Press, Ames, IA.

Chichester, EW., and R.E Chaison, Jr. 1992. Analysis of carbon in calcareous
soils using a two temperature dry combustion infrared instrumental
procedure. Soil Sci. 153:237-241.

Conroy, J.P. 1992. Influence of elevated atmospheric CO, concentration on
plant nutrition. Aust. J. Bot. 40:445-456.

Doggett, H. 1988. Sorghum, tropical agriculture series. Longman Publ. Ltd.,
Singapore.

FAO. 1996. FAO production yearbook 1995. Volume 49. FAO Statistics
Series No. 133. FAO, Rome, Italy.

Fox, EA,, Jr., T. Scherer, D.C. Slack, and L.C. Clark. 1992. Arizona irrigation
scheduling users’s manual. Agriculture and Biosystems Engineering,
Cooperative Extension, Univ. of Arizona, Tucson, AZ.

Hendrey, G.R., K.E Lewin, and J. Nagy. 1993. Free-air carbon dioxide
enrichment: Development, process, results. Vegetatio 104-105:17-31.

Houghton, J.T., G.J. Jenkins, and J.J. Ephraums (ed.) 1990. Climate change:
The IPCC scientific assessment. Cambridge Univ. Press, Cambridge, UK.

Keeling, C.D., and T.P. Whorf. 1994. Atmospheric CO, records from the
sites in the SIO air sampling network. p. 16-26. /n T.A. Boden et al.
(ed.) Trends "93: A compendium of data on global change, ORNL/
CDIAC-65. The Carbon Dioxide Information Analysis Center, Oak
Ridge National Lab., Oak Ridge, TN.

Kimball, B.A. 1983. Carbon dioxide and agricultural yield: An assemblage
and analysis of 430 prior observations. Agron. J. 75:779-788.

Littell, R.C., G.A. Milliken, W.W. Stroup, and R.D. Wolfinger. 1996. SAS
system for mixed models. SAS Inst. Inc., Cary, NC.

Ottman, M.]., B.A. Kimball, PJ. Pinter, G.W. Wall, R.L. Vanderlip, S.W.

757



Leavitt, R.L. LaMorte, A.D. Matthias, and T.J. Brooks. 2001. Elevated
CO, increases sorghum biomass under drought conditions. New
Phytol. 150:261-273.

Prior, S.A., H.A. Torbert, G.B. Runion, and H.H. Rogers. 2003. Implications
of elevated CO,~induced changes in agroecosystems productivity. J.
Crop Prod. 8:217-244.

Prior, S.A., H.A. Torbert, G.B. Runion, H.H. Rogers, C.W. Wood, B.A.
Kimball, R.L. LaMorte, P]J. Pinter, and G.W. Wall. 1997. Free-
air carbon dioxide enrichment of wheat: Soil carbon and nitrogen
dynamics. J. Environ. Qual. 26:1161-1166.

Rogers, H.H., G.B. Runion, and S.V. Krupa. 1994. Plant responses
to atmospheric CO, enrichment with emphasis on roots and the
thizosphere. Environ. Pollut. 83:155-189.

Rogers, H.H., G.B. Runion, S.V. Krupa, and S.A. Prior. 1997. Plant
responses to atmospheric CO, enrichment: Implications in root-soil-
microbe interactions. p. 1-34. /n L.H. Allen, Jr. et al. (ed.) Advances in
carbon dioxide effects research. ASA Spec. Publ. No. 61. ASA, CSSA,
and SSSA, Madison, WI.

Rogers, H.H., G.B. Runion, S.A. Prior, and H.A. Torbert. 1999. Response
of plants to elevated atmospheric CO,: Root growth, mineral nutrition,
and soil carbon. p. 215-244. In Y. Luo and H.A. Mooney (ed.) Carbon
dioxide and environmental stress. Academic Press, NY.

Rogers, H.H., ].E. Thomas, and G.E. Bingham. 1983. Response of
agronomic and forest species to elevated atmospheric carbon dioxide.
Science 220:428-429.

Rogers, H.H., S.A. Prior, G.B. Runion, and R.J. Mitchell. 1996. Root to
shoot ratio of crops as influenced by CO,. Plant Soil 187:229-248.

Schlesinger, W.H. 1991. Biogeochemistry: An analysis of global change.

758

Academic Press, NY.

Strain, B.R., and J.D. Cure (ed.) 1985. Direct effects of increasing carbon
dioxide on vegetation. DOE/ER-0238. Office of Energy Research, U.S.
Dep. of Energy, Washington, DC.

Technicon Industrial Systems. 1973a. Ammonia in water and waste water.
Industrial method no. 98-70w. Technicon Instruments Corp.,
Tarrytown, NY.

Technicon Industrial Systems. 1973b. Nitrate and nitrite in water and waste
water. Industrial method no. 100-70w. Technicon Instruments Corp.,
Tarrytown, NY.

Torbert, H.A., S.A. Prior, and H.H. Rogers. 1995. Elevated atmospheric
carbon dioxide effects on cotton plant residue decomposition. Soil Sci.
Soc. Am. J. 59:1321-1328.

Torbert, H.A., S.A. Prior, H.H. Rogers, and G.B. Runion. 1998. Crop
residue decomposition as affected by growth under elevated
atmospheric CO,. Soil Sci. 163:412-419.

Torbert, H.A., S.A. Prior, H.H. Rogers, W.H. Schlesinger, G.L. Mullins, and
R.G. Runion. 1996. Elevated atmospheric CO, in agro-ecosystems
affects groundwater quality. J. Environ. Qual. 25:720-726.

Torbert, H.A., S.A. Prior, H.H. Rogers, and C.W. Wood. 2000. Review
of elevated atmospheric CO, effects on agro-ecosystems: Residue
decomposition processes and soil C storage. Plant Soil 224:59-73.

Torbert, H.A., H.H. Rogers, S.A. Prior, W.H. Schlesinger, and G.B. Runion.
1997. Effects of elevated atmospheric CO, in agro-ecosystems on soil
carbon storage. Glob. Change Biol. 3:513-521.

Wood, C.W., H.A. Torbert, H.H. Rogers, G.B. Runion, and S.A. Prior.
1994. Free-air CO, enrichment effects on soil carbon and nitrogen.
Agric. For. Meterorol. 70:103-116.

Journal of Environmental Quality « Volume 37 - May-June 2008




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (Adobe RGB \0501998\051)
  /CalCMYKProfile (None)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /UseDeviceIndependentColorForImages
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings true
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 299
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages false
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 299
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 999
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [792.000 1224.000]
>> setpagedevice


